The structure of the new medium-pore aluminophosphate molecular sieve PST-6 is determined by the combined use of rotation electron diffraction tomography, synchrotron X-ray powder diffraction, and computer modeling. PST-6 was prepared by calcination of another new aluminophosphate material with an unknown structure synthesized using diethylamine as a structure-directing agent, which is thought to contain bridging hydroxy groups. PST-6 has 36 crystallographically distinct tetrahedral sites in the asymmetric unit and is thus crystallographically the most complex zeolitic structure ever solved.
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There is a constant drive to search for new zeolitic materials because of their impact on innovation in catalysis and separation, and also on the evolution of emerging technologies. [1] Consequently, the number of zeolite framework type codes (FTCs) assigned by the Structure Commission of the International Zeolite Association (SC-IZA) continues to grow steadily. It was in the early 1980s when researchers at Union Carbide (now UOP) announced the synthesis of a family of aluminophosphate molecular sieves, abbreviated as AlPO4-n, where in most cases n refers to a distinct framework type. [2, 3] At present, the SC-IZA recognizes 218 FTCs, 44 of which are known to occur as AlPO4-based frameworks. [4] Although AlPO4 based molecular sieves dis-play considerable structural diversity, their maximum structural complexity is much lower than that of silica-based materials. This is mainly because of the crystal-chemical requirement that AlO4 and PO4 tetrahedra must alternate, so that only even-numbered rings are present in the framework, and not odd-numbered rings like the 5-rings found in many of the most complex zeolites. The most complex zeolite structure solved is the largepore zeolite ITQ-39, the polymorphs A and B of which, with 28 crystallographically-distinct tetrahedral sites (T-sites), are the two most complex structures known to date. [5] By contrast, with 12 distinct Tsites, DAF-1 (DFO) is the most complex among the AlPO4-based molecular sieves. [6] Here, we report that an AlPO4 molecular sieve denoted PST-6 (POSTECH number 6) has 36 crystallographically distinct (Al, P) atoms of equal multiplicity and 72 such O atoms in the asymmetric unit. Its structure has been determined and refined by a combination of electron crystallography, X-ray powder diffraction, and computer simulation. [7, 8] Leaving aside SSZ-57 (*SFV), a modulated zeolite whose "idealized" unit cell possesses 99 symmetrically independent T-sites, [9] PST-6 is crystallographically more complex than any zeolitic material known. It is also the first medium-pore material which contains a one-dimensional (1D) pore system consisting of parallel 10-and 8-ring channels.
PST-6 was obtained by the calcination at 550 °C of another new AlPO4 phase with a bulk Al/P ratio of unity denoted PST-5. PST-5, whose structure remains unknown, was synthesized using diethylamine (DEA), a common organic structure-directing agent yielding many zeolites and AlPO4-based molecular sieves with different framework topologies. [10, 11] Its synthesis was found to be highly sensitive to the concentration of DEA in the starting synthesis gel, as well as to the type of the Al source employed (see Table S1 in the Supporting Information).
PST-5 crystallizes as thin plates with a very low aspect ratio (≤ 0.05; Figure S1 ). 27 Al and 31 P MAS NMR spectroscopies indicate that its structure is not fully tetrahedrally connected ( Figure S2) . Since a wide variety of 2D layered AlPO4 networks with Al/P ratios of ≤ 1.0 has long been recognized, [12] we attempted to swell PST-5 according to the same procedure as that used for the preparation of ITQ-2 [13] but without success, suggesting it is not a layered material. Calcination of PST-5 gives PST-6 crystals with the same morphology: the individual plates remain as single crystals, implying that the transformation is topotactic ( Figures S1 and S3 ). Thermogravimetric and differential thermal analyses reveal that PST-5 gives a large endothermic weight loss (ca. 12 wt %) at temperatures up to 350 °C ( Figure S4 ), similar to that observed for AlPO4-21 (AWO), one of the AlPO4 molecular sieves prepared using DEA in this work. The DEA molecules in both PST-5 and AlPO4-21 were found to be intact and protonated (Figures S5 and S6). Like the 1 H MAS NMR spectrum of AlPO4-21, the spectrum of PST-5 shows a strong 1 H resonance at 5.0 ppm ( Figure S7 ) that cannot be attributed simply to the protons of occluded water molecules. Drawing an analogy with AlPO4-21 containing 3-and 5-rings in which two adjacent trigonal-bipyramidal Al atoms share a hydroxyl group, [14] it is likely that PST-5 may also contain such bridging hydroxyls. Unfortunately, our attempts to index the high resolution synchrotron powder X-ray diffraction (PXRD) pattern of PST-5 have so far been unsuccessful.
For the PST-6 obtained by calcination of PST-5, initial attempts to index its XRD pattern were unsuccessful. Also, we were unable to get good high-resolution transmission electron microscopy images due to the poor stability of PST-6 in the incident 200 kV electron beam. However, we were able to collect 3D electron diffraction data using the rotation electron diffraction (RED) tomography technique that has been used to solve the structures of nanosized, highly complex zeolites such as ITQ-39 and ITQ-51. [5, 15] In total, 1178 electron diffraction frames were collected automatically at intervals of 0.1° rotation from one single PST-6 crystal, covering 117° (65 %; -63 to 54°) of the 180° required for obtaining complete 3D data. Figure 1 shows the 3D reciprocal lattice of PST-6 reconstructed using the software RED. [16] Because no clear evidence for these reflections is observed in the synchrotron PXRD data, on the other hand, we could not claim that their appearance is irrelevant to the dynamical effects of electron diffraction. Hence, we attempted to combine RED and PXRD data in a structure determination procedure. The unit cell parameters obtained from the electron diffraction results were used to assign indices to the peaks in the synchrotron PXRD pattern of hydrated PST-6. Although some X-ray peaks (later found to be from impurities) were not well matched, the unit cell parameters were refined to be a = 39.6500 Å, b = 22.2547 Å, c = 8.3450 Å in orthorhombic (Pba2) symmetry, and a model for the AlPO4 structure was achieved using the direct methods program EXPO2009. [17] After being minimized in energy using the program GULP, [18] adopting the interatomic potentials derived by Gale and Henson, [19] this model was used as a starting point for the Rietveld refinement of the structures of Table S2 , and its final refined structure with a = 39.5874(10) Å, b = 22.2714(7) Å, c = 8.32807(15) Å (Pba2), is shown in Figure S11 . The average Al-O and P-O bond lengths (1.72(2) and 1.53(2) Å, respectively) and average O-Al-O and O-P-O angles (109(3)°) were restrained to be those expected for zeotypic AlPO4 materials (Table S3 ). Attempts to locate the water molecules coordinated to Al atoms, as suggested by the 27 Al MAS NMR results that show the existence of a small amount of penta-and hexa-coordinated Al ( Figure S2 ), were unsuccessful. It is likely that the water molecules are distributed in a disordered way over the framework of PST-6.
The structure of dehydrated PST-6, the 27 Al and 31 P MAS NMR spectra of which indicate a fully tetrahedrally coordinated framework, was refined against synchrotron PXRD data on a sample heated at 300 °C under vacuum (Figure 2) . A close fit to the data was achieved and details of the structure refinement can be found in Tables S4-S6 Figure S12 ). This can be attributed to the framework relaxation as the water molecules coordinated to some framework Al atoms were removed. To investigate the observation of an apparent c-axis doubling during the RED experiments, energy minimization of a model with a doubled cell in the c-axis was attempted, but no evidence for a super-structure was found.
Figure 2
Rietveld plot for dehydrated PST-6: observed data (crosses), calculated fit (solid line), difference plot (lower trace). Tick marks show the positions of allowed reflections; minor impurity peaks are excluded (synchrotron, λ= 0.825621 Å).
PST-6 contains a 1D pore system consisting of two parallel, elliptical 10-ring (4.2 x 6.6 Å) and 8-ring (2.3 x 6.0 Å) channels running along the c-axis which are separated by framework walls perpendicular to the a-and b-axes (Figure 3 and Figure S11 ). This material is characterized by a framework density (defined as the number of T-atoms per 1000 Å 3 ) of 19.6 which is quite high when compared with other 10-ring pore materials. [4] We also note that the a-axis is perpendicular to the short dimension of the thin crystals and, structurally at least, the framework is composed of thick sheets parallel to the bc plane, related by a center of symmetry across double crankshaft chains (with 4-ring projections), typical of AlPO4 molecular sieves. In fact, the Ar sorption experiments indicate that PST-6 possesses a low micropore volume of 0.04 cm 3 g -1 ( Figure S13 ). Considering its unique 1D pore structure, however, PST-6 could find applications in the selective separation of small gases like H2 or CO2 based on the concept of molecular traffic control. [20] Figure 3. Framework structure of dehydrated PST-6 with two parallel, highly elliptical 10-and 8-ring channels running along the c-axis. Al, light blue; P, dark gray; O, red.
With 36 crystallographically distinct (Al, P) atoms of equal multiplicity, the framework structure of this new AlPO4 molecular sieve is crystallographically more complex than any of the already known zeolite structures. Considering its maximum topological symmetry, that is, considering Al and P identical, it is also one of the most complex zeolitic structures known, and by far the most complex AlPO4 molecular sieve. The reason PST-6 has such a large number (18) of topologically distinct T-sites, well beyond those of other compositionally simple AlPO4 molecular sieves with even-numbered rings,
is not yet clear. However, the 27 Al and 31 P MAS NMR spectra of PST-5 ( Figure S2 ), the precursor of PST-6, reveal that its framework contains penta-coordinated Al atoms, as well as tetrahedral Al atoms, and a wide range of tetrahedral P environments, with a range (-15.1--32.1 ppm) of 31 P chemical shifts. This range is comparable to that (-13.3--30.3 ppm) observed for AlPO4-21 which has hydroxyl groups bridging between Al atoms. [21] Therefore, we think that the PST-5 framework may possess oddnumbered 3-and/or 5-rings in which Al-O-Al linkages may exist. If such is the case, it is less surprising that the precursor PST-5 has a very complex structure, features of which are inherited upon removal of template and bridging hydroxyls during calcination to yield a very complex zeolite structure with tetrahedral Al and P atoms only, that is, PST-6.
In summary, we have synthesized a new medium-pore AlPO4 molecular sieve denoted PST-6 and solved its structure by combining powder diffraction, electron crystallography, and computer modeling. PST-6 has 36 crystallographically distinct (Al, P) atoms and 72 such O atoms in the asymmetric unit and thus ranks as the most crystallographically complex zeolite structure known to date. It is also the first molecular sieve with a 1D system of two parallel 10-and 8-ring channels. This shows that novel, highly complex zeolite structures that contain even-numbered rings only can arise at a simple AlPO4 composition.
Experimental Section
In a typical synthesis of PST-5, 3.84 g of o-H3PO4 (85 %, Merck) were first dissolved in 5.63 g of H2O.
This solution was added dropwise to a slurry of 6.95 g of aluminum isopropoxide (≥ 98 %, Aldrich) in Synchrotron PXRD data for PST-6 in hydrated and dehydrated forms were collected on the 9B beamline of the Pohang Acceleration Laboratory (Pohang, Korea) using monochromated X-rays (λ = 1.54740 Å) and on the 11 beamline of the Diamond Light Source (Didcot, UK) using monochromated X-rays (λ = 0.825621 Å), respectively. Details of the XRD measurements and Rietveld refinements can be found in Supporting Information.
